Abstract Sweet potato slices and strips (thickness of 6 and 9 mm, respectively) as single layer were dried at different microwave power levels (90 W to 900 W) in order to determine the effect of microwave power and sample shape on drying characteristics. Dielectric properties of sweet potato slices were measured during microwave drying. Drying time for both samples was decreased with increase in microwave power, and drying time of strips was longer than slices in the microwave power range between 90 and 720 W. Page model was suitable for describing experimental drying data regardless of microwave power and shape of sweet potato samples. Dielectric properties of sweet potato slices were decreased with a decrease in moisture content. The change in dielectric properties of sweet potato slices could be predicted by Henderson and Pabis model and could be applied to estimate the change in moisture content of sweet potato during microwave drying.
Introduction
Sweet potato is an important food crop containing high nutritional components such as b-carotene and polyphenols. Since sweet potato is rich in nutritional components, it has been widely used to produce diet food and dried sweet potato products have gained popularity with consumers as healthy food. However, sweet potato is easy to be perishable and damaged because it has high moisture content and relatively thin and delicate skin (Ahmed et al., 2010) . Although a variety of preservation methods for minimizing damage of sweet potato during storage periods such as modified atmosphere packaging and edible coatings on its surface have been suggested by a number of researchers (Ehivet et al., 2011; Gorris and Peppelenbos, 1992) , these methods are complicated or expensive to store sweet potato for a certain time.
Drying is known as the simplest and low-cost method to preserve agricultural products by removing moisture content in agricultural products and foods. Since dielectric heating such as radio frequency (RF) and microwave heating can be generated inside food materials by frictional energy resulting from dipolar relaxation and ionic conduction in the applied electric field, it can be employed to dehydrate water inside food materials within a short time (Wang et al., 2009) . Microwave drying offers significantly increased drying rate and better quality of a dried product as compared with hot air drying (Yan et al., 2013) . Therefore, continuous microwave drying system has been widely investigated and applied to dry large volumes of agricultural products in commercial food industry sites (Wang et al., 2011) .
Dielectric properties [also known as permittivity (e), DP] of agricultural products should be determined to understand the interaction between electromagnetic energy from microwaves and agricultural product during microwave drying (Fasina et al., 2003) . DP provides important information necessary for the design of microwave drying process. DP consist of two main parts; dielectric constant (e 0 , real part) and dielectric loss factor (e 00 , imaginary part) which describe the ability of material to store energy and the ability of material to dissipate energy in response to an applied electric field, respectively (Sosa-Morales et al., 2010) . In particular, DP of food and agricultural products are altered depending on frequency, temperature, and moisture content (Feng et al., 2002) . Transmission line, free space, resonant cavity, parallel plate, and open-ended coaxial probe methods are employed to measure DP of dielectric materials. Among these methods, open-ended coaxial probe method is commonly used to measure DP of variety of agricultural products because it covers broad frequency band and is convenient to use. Furthermore, DP of target material can be easily measured by making close contact between the probe and the surface.
By using an open-ended coaxial method, the variation of DP of grain, and red pepper was determined depending on change in moisture content (Guo and Zhu, 2014; Kim, 2002) . Because DP of agricultural products is significantly changed by their moisture contents, the change in DP during microwave drying can be usefully employed to describe their drying characteristics. However, the research on the measurement of DP of agricultural products during microwave drying has been rarely attempted. The aim of this study was (a) to investigate the effect of microwave power and sample shape on the drying characteristics of sweet potato; (b) to evaluate the selected drying models for describing microwave drying process of sweet potato; and (c) to determine change in dielectric properties of sweet potato depending on moisture content during microwave drying.
Materials and methods

Sample preparation
Sweet potatoes (beni-haruka cultivar) purchased from a local market (Noeun wholesale market, Daejeon, Republic of Korea) were stored at room temperature prior to drying experiment. Crumbly soil on the surface of sweet potato was removed and sweet potatoes were cut into two different shapes (slice and strip with thickness of approximately 6 and 9 mm, respectively) using a vegetable slicer. When slice and strip samples were prepared, the diameter of slices was not controlled and the length of strips was fixed to 8 cm. The initial moisture content of sweet potato samples was determined by convection drying at 105°C for 24 h (AOAC, 1990) . The initial moisture content of sweet potato samples was 1.96 ± 0.03 kg water per kg dry matter.
Drying equipment and drying procedure
Domestic microwave oven (Mwx304sl, Whirlpool Co, Benton Harbor, MI, USA) with maximum output power of 900 W at 2450 MHz was used in this study. The dimension of inner microwave cavity was 240 9 354 9 358 mm and a glass plate (315 mm in diameter) was located on turntable placed at the center of microwave cavity. The water evaporated from sweet potato samples during the drying process increased humidity in the enclosed microwave cavity, finally causing a decrease in drying rate. Hence, a small centrifugal fan was installed on the left upper side of microwave oven. The measured ventilation air speed at the outlet by a hygro-anemometer (HHC261, OMEGA Engineering, Inc., Stamford, CT, USA) was 2.8 m/s.
The average weight of sweet potato slices and strips used for microwave drying experiments was 114.10 ± 27.44 and 100.01 ± 0.21 g, respectively. Slices or strips were spread in a single layer on a circular mesh tray made of Teflon thread (thickness: 1 ± 0.2 mm) and stainless steel. The applied microwave power levels were from 90 to 900 W with an incremental interval of 90 W. During microwave drying, moisture losses of the samples were measured by a digital balance with 0.01 g precision (PAG2102C, OHAUS Co., Parsippany, NJ, USA). As the drying process progressed, the measurement interval time was 30 s until 2 min; afterwards, the interval was increased to 2 min. When the weight value of sweet potato samples was reached at a constant value, the drying experiment was stopped. All experiments were conducted in duplicate.
Mathematical modeling of microwave drying curves
Moisture content was calculated based on the weight values of a single layer at the drying time. The moisture ratio (MR) and drying rate of sweet potato slices and strips during microwave drying were calculated using following equations:
Drying rate
where, M; M o , and M e are the moisture content at any time, initial moisture content, equilibrium moisture content. M t and M tþdt are the moisture content at t and moisture content at t þ dt (kg water/kg dry matter), respectively, t is the drying time (min). For microwave drying, the equilibrium moisture content can be assumed to be zero (Maskan, 2001) . Eight drying models that have been widely used for fitting of experimental drying characteristics of various agricultural materials (summarized in Table 1 ) were applied to select the model that best describe the drying curves of sweet potato slices and strips. The nonlinear regression analysis was performed using SPSS 24.0 software (SPSS Inc, Chicago, IL, USA). Non-linear regression analysis was performed to estimate the model parameters (such as k, n, a, b, c, g, and h). The best-fitted model expressed the microwave drying characteristics of sweet potato slices and strips was determined by the highest coefficient of correlation R 2 ð Þ value and the lowest root mean square error (RMSE) and chi-square ðv 2 Þ. The RMSE and v 2 were calculated using the following equations:
where MR exp,i is the ith experimental moisture ratio, MR pre,i is the ith predicted moisture ratio, N is the number of observation, and z is the number of drying constants.
Dielectric properties measurement system
The dielectric properties (e, DP) of sweet potato were determined by open-ended coaxial-probe measurement system consisted of dielectric probe kit (85070E, Keysight Technologies Co., Santa Rosa, CA, USA) and vector network analyzer (VNA) (N9923A, Keysight Technologies Co, Santa Rosa, CA, USA). This method is generally well known for broadband measurements of liquid and semisolid high-loss materials because air pocket that is problematic between the probe and the sample can be avoided (Nelson, 2015) . In this method, the VNA measures the reflection coefficient (S 11 ) of a dielectric sample in contact with the probe. The software (85070E software, Keysight Technologies Co, Santa Rosa, CA, USA) calculates dielectric constant (e 0 ) and dielectric loss factor (e 00 ) of dielectric sample based on the measured reflection coefficient (S 11 ). DP was measured in frequency range between 500 and 3000 MHz at 101 frequency points. For DP measurement of sweet potato, the VNA was turned on for at least 1 h before calibration. Calibration was completed by using three stages (air, shorting block, water).
Dielectric properties measurement procedure
The variation in dielectric properties (DP) of sweet potato during microwave drying was measured using the similar protocol with microwave drying experiments. The initial DP of sweet potato was measured prior to microwave drying. One sweet potato slice with thickness in 6 mm was used for DP measurement during microwave drying and the average weight of slice samples used was 18.36 ± 2.48 g. The slice samples were dried at different microwave power levels (900, 630, 360, and 90 W). During microwave drying, the slice was taken out from the microwave oven for measuring its weight and DP values, and the interval of weight reading was 30 s; however, when the microwave power level of 90 W was applied for drying the slice sample, the interval for weight and DP measurements was increased to 5 min. DP measurement of the slice was performed on an aluminum plate in 10 mm thickness. Since moisture on the surface of food can affect a change in its dielectric properties during DP measurement, moisture which was partially generated on the surface of sweet potato slice during microwave drying was removed using a paper wipes prior to DP measurement. Results and discussion
Microwave drying characteristics of sweet potato
The curves of moisture ratio versus time for a thin layer of sweet potato slices and strips are shown in Fig. 1A and B. Total drying time required to reach a final moisture content of sweet potato samples was varied depending on microwave power level and shape of samples. Regardless of the shape of samples, the moisture ratio decreased with an increase in drying time and drying time was shortened as microwave power increased. Microwave power level had a pronounced effect on shortening drying time. When the thin layer of potato slices having constant weight values and different thickness (4, 7, and 10 mm) were dried at constant microwave power level (160 W), the drying time of thicker slices was shorter than it of thinner slices . It would be that the drying rate was accelerated as the number and area of slices exposed to microwave was smaller. Although the average weight of thin layer of sweet potato slices was heavier than it of strips, the drying time of strips was little longer than it of slices at same microwave power intensity except for 810 and 900 W. It would be that microwave penetration was limited depending on thickness and the surfaces of strips were more rapidly dried than the inside. The more rapidly dried surface than inside may lead to the case hardening. It could become a thermal barrier that prevents evaporation of moisture inside strip samples. The drying rate of sweet potato slices and strips against moisture content at different microwave power levels are illustrated in Fig. 1C and D . At the same moisture content, the drying rate significantly increased with microwave power level. When higher microwave power level was applied for the drying, the mass transfer within slices and strips could be faster because more volumetric heating could be generated within the samples. The drying rate of both slices and strips was sharply increased at initial drying stage, and then almost constant drying rate period was observed until the moisture content (w.b) reached approximately 20%. Arikan et al. (2012) also reported that after a short heating period the constant drying rate of carrots was observed for 3/5 of total drying time in intermittent microwave drying.
Evaluation of drying models
The moisture content data obtained from the drying experiments were applied for eight drying models as presented in Table 1 to predict microwave drying Fig. 1 Moisture ratio (A 6 mm slices, B 9 mm strips) versus time and drying rate (C 6 mm slices, D 9 mm strips) of sweet potato samples characteristics of sweet potato slices and strips. Regardless of microwave power level and shape of samples, R 2 and v 2 values for eight models were all above 0.95 and below 0.007, respectively. All eight models were appropriate to describe experimental drying data for both shapes of sweet potato samples. The highest R 2 values (range from 0.9835 to 0.9998), and the lowest RMSE (range from 0.0049 to 0.0416) and v 2 (range from 0 to 0.0017) values were obtained from Page model in all microwave power levels and both shapes of sweet potato samples. Page model was selected as the best model for describing microwave drying characteristics of sweet potato slices and strips. Although R 2 values from Newton model for both slices and strips were slightly lower than it from other models, Newton model could be suggested for convenient description of microwave drying characteristics of sweet potato slices and strips due to its simple form. The calculated coefficients and model indices (R 2 , RMSE, v 2 , k, and n) of Page model for sweet potato slices and strips dried at different microwave power levels are listed in Table 2 .
Dielectric properties
The measured dielectric properties (DP; both dielectric constant, e 0 and dielectric loss factor, e 00 ) of sweet potato slices with thickness of 6 mm in frequency range between 500 MHz and 3000 MHz depending on moisture contents are presented in Fig. 2 Nelson et al. (1994) . The slight differences could be caused by moisture contents of used sweet potato samples. At same microwave frequency, DP (both e 0 and e 00 ) of the sample were significantly decreased with a decrease in moisture content. Moisture content, which depends on the free and bound water contents, is a critical factor that has an influence on the DP of agricultural products (Guo and Zhu, 2014) . In addition, as microwave frequency increased at the same moisture content, e 0 values were linearly decreased; however, e 00 values were significantly decreased between 500 and 1000 MHz. It was owing to the wavelength of the measured frequency. The previous research on the DP measurement of dried apples reported that e 00 of dried apple drastically decreased when the frequency increased (Feng et al., 2002) . DP of sweet potato slices measured at 2450 MHz during microwave drying process applied with different microwave power levels (900, 630, 360, and 90 W) are shown in Fig. 3 . In microwave drying process except for 90 W, the constant rate was not observed, and drying rate was significantly increased up to approximately 30% MC w.b (30.39, 35.55, 32 .38% at 900, 630 and 360 W, respectively). Falling rate period was observed after the maximum peak of drying rate. On the other hand, the drying rate at 90 W increased in the initial stages and then almost remained constant during drying process. Both e 0 and e 00 of slices were decreased as microwave drying progressed. In all microwave drying experiments, the average e 0 value decreased from 51.88 to 1. Predictive equations for DP of food materials are necessary to understand their heating pattern or sterilization temperatures during microwave heating process (Sipahioglu et al., 2003; Uan et al., 2004) . Brinley et al. (2008) developed the empirical equations predicting DP of sweet potato purees affected by temperature and chemical composition. Fasina et al. (2003) also developed the equations for predicting DP of sweet potato purees as a function of temperature and frequencies. By measuring DP of a variety of fruit, the maturity, quality, and water activity of fruit could be determined and it was found that the moisture content of fruit was a critical factor affecting Change in dielectric properties of sweet potato during microwave drying 737 DP of the fruit (Clerjon et al., 2003; Guo et al., 2007) . However, no studies have been found to predict the change in DP of sweet potato during microwave drying as a function of moisture content using the drying model. The plot (Fig. 3 ) of changes in e 0 and e 00 values of sweet potato slices are seemed to be similar to the drying curves of slices as shown in Fig. 1A and B. Therefore, aforementioned drying models as a function of moisture content (Table 1) were tested to determine the best model for describing the change in e 0 and e 00 values of sweet potato during microwave drying.
In this study, Page model could best describe microwave drying characteristics of sweet potato slices and strips. Therefore, Page model was tested to predict the change in DP of sweet potato slices; however, contrary to expectation, the model was not values were estimated from Page model, other drying models were also applied to determine the best model for describing the change in DP of sweet potato slices during microwave drying. The correlation coefficient and results of statistical analyses for variation in DP of the slices from different drying models are summarized in Table 3. R   2 values of e 0 were generally higher than e 00 at all microwave power levels. Although the regularity of the relationship between permittivity and moisture content of agricultural product at different frequencies was evident, it was complicated to predict the dielectric loss factor behavior (e 00 ) than the dielectric constant (Nelson, 1991) . Modified Henderson and Pabis model, which is the simplest of the four models, was selected as a suitable model for describing the change of DP. The predicted value of DP was plotted in Fig. 3 . The change in DP of sweet potato slice during microwave drying procedure could be predicted by the drying model and could be used for deducing the change in moisture content during microwave drying.
Microwave drying characteristics of sweet potato slices and strips were investigated in this study. The drying time varied depending on the microwave power levels and shape of samples. The drying time of strips was shorter than it of slices. Under all drying conditions, a constant drying rate was found and the highest drying rate was obtained during the initial drying stage. The tested eight drying models were all suitable for clearly describing the drying curves of sweet potato slices and strips with coefficients of determination (R 2 ) greater than 0.95. The best model for describing drying characteristics of sweet potato slices and strips was Page model. Dielectric constant (e 0 ) and dielectric loss factor (e 00 ) of sweet potato slices were decreased with decrease in moisture content of sweet potato and microwave frequency. Modified Henderson and Pabis model was appropriate to predict the change in dielectric properties of sweet potato slice during microwave drying. Further study will be conducted to determine the suitability of the prediction of moisture content using dielectric properties.
